The Aar Massif forms part of the polycyclic basement of the External Crystalline Massifs in central Switzerland. Strong heterogeneous Alpine deformation produced a network of broad, anastomosing shear zones, with deformation strongly localized in mylonitic domains. This study investigates the combined effects of high-strain deformation and synkinematic metamorphism on magnetic fabric evolution in Tertiary shear zones of the Aar granite and Grimsel granodiorite. In transects across several mesoscale shear zones with large strain gradients, magnetic fabric orientations are in excellent agreement with principal strain orientations determined from outcrop fabrics and strain markers. However, the magnitude and shape of the magnetic anisotropy do not change systematically with increasing finite strain, likely as a result of recrystallization and metamorphism. The overall pattern of steeply dipping fabrics is consistent with the main shortening stage of regional Alpine kinematics, while some mylonite structures reflect a local component of dextral shearing.
Introduction
Anisotropy of magnetic susceptibility (AMS) has been utilized to study deformed rocks for many years (Graham, 1966; Tarling and Hrouda, 1993; Borradaile and Jackson, 2004) . AMS is a sensitive and useful tool for tracking microstructural variations in deformed crystalline rocks where strain markers are often absent (e.g. Bouchez et al., 1990; see review in Ferr e et al., 2014) ; however, some uncertainty remains about how various mineral strain responses and deformation mechanisms are reflected by bulk-rock magnetic anisotropy. In particular, the effects of synkinematic metamorphism on magnetic fabrics in deformed rocks are not well understood. We performed a magnetic fabric study in ductile metagranite shear zones of the Aar Massif to elucidate the variations in AMS across large strain gradients in rocks exposed to Alpine fluid-present greenschist-facies conditions. Comparing finite strain measurements and mineral microstructures with magnetic fabrics reveals complexities in the fabric evolution due to recrystallization and changes in mineralogy that accompanied deformation.
Geological setting
Part of the External Crystalline Massifs (ECM) of the Swiss Central Alps, the Aar Massif is a large polycyclic pre-Variscan basement belonging to the Helvetic domain (Fig. 1A) . During Tertiary Alpine continentcontinent collision (Pfiffner et al., 1990 ) the ECM was thrust towards the northwest under greenschistfacies metamorphic conditions (Steck, 1966 (Steck, , 1984 Choukroune and Gapais, 1983; Marquer et al., 1985; Marquer, 1987) . The Aar Massif consists of Palaeozoic gneisses, migmatites and amphibolites, which were intruded by several late-orogenic Variscan intrusives, including the Aar granite and the Grimsel granodiorite (Steck, 1966 (Steck, , 1984 Abrecht, 1994; Schaltegger, 1994) . During Tertiary tectonics, heterogeneous deformation associated with bulk NW-SE shortening produced a network of anastomosing ductile shear zones surrounding lenses of lessdeformed rocks (Choukroune and Gapais, 1983; Marquer et al., 1985; Gapais et al., 1987; Fig. 1B and C) . The Alpine schistosity and the shearzone patterns of the Aar and Gotthard Massifs were analysed on a large scale by Choukroune and Gapais (1983) and Marquer (1990) . They interpreted the sub-vertical alpine schistosity and the sub-vertical stretching lineation in the cores of both massifs to result from bulk coaxial NW-SE horizontal shortening during thrusting of the ECM.
The metamorphic conditions associated with this main Tertiary ductile deformation are estimated at around 450 AE 25°C and 0.65 AE 0.1 GPa during Oligo-Miocene times in the Grimsel granodiorite (Challandes et al., 2008 and references therein; Goncalves et al., 2012 Goncalves et al., , 2013 . Mineralogical changes associated with chemical mass-transfer related to large-volume fluid circulation occurred during the formation of these ductile shear zones (Marquer et al., 1985; Marquer and Peucat, 1994; Goncalves et al., 2012 Goncalves et al., , 2013 under largely isovolumetric conditions (Fourcade et al., 1989) . The three sampled high-strain zones are located in the Grimsel granodiorite and the Aar granite ( Fig. 1B and C) . The studied ductile shear zones progressively evolve from weakly deformed protolith (Aar granite and Grimsel granodiorite) to orthogneiss and mylonite along decametre-scale strain gradients. Although the main stage of NW-SE compressional deformation in the Alps was followed by lateral movement, producing dextral strike-slip deformation (e.g. Hubbard and Mancktelow, 1992) , great care was taken during sampling to avoid areas affected by these later deformation stages.
Procedures
Standard oriented palaeomagnetic cores were sampled from two sites in the Grimsel granodiorite and one site in the Aar granite. At each site, 11-13 cores were taken in 10-35-m-wide transects across exposed shear zones and classified as protolith, orthogneiss or mylonite (Fig. 2C) . Anisotropy of magnetic susceptibility (AMS) was measured on all specimens using a KLY-3 Kappabridge magnetic susceptometer. AMS data were processed using the PaleoMac application of Cogn e (2003). Additional rock magnetic characterization was performed on a vibrating sample magnetometer. The shape parameters of magnetic lineation, L = k 1 /k 2 , and magnetic foliation, F = k 2 /k 3 , were used to describe the shape of the magnetic fabric ellipsoid, where k 1 , k 2 and k 3 are the maximum, intermediate and minimum principal susceptibilities respectively. The shape Jelinek (1981) indicates the intensity of the magnetic fabrics. Finite strain axis orientations were measured in the field using mineral stretching lineations to define the k 1 maximal strain axis and using the schistosity as the k 1 /k 2 finite strain plane, thus defining the k 3 minimal strain axis as the pole to the schistosity plane. Quantitative strain estimates were made in the field by measuring the k 1 /k 2 , k 2 /k 3 and k 1 /k 3 finite strain ratios directly on mafic enclaves in 24 samples of weakly deformed granodiorite, orthogneisses and mylonites from shear zones located in the Grimsel granodiorite between Site 1 and Site 3 (see Marquer et al., 1985; Marquer, 1989) . Equivalent fabric shape and intensity parameters T* and P* were calculated using k 1 , k 2 and k 3 principal strain values in place of principal susceptibilities to describe and compare the measured strain ellipsoids with the magnetic anisotropy. Thin sections for microanalysis and optical microscopy were prepared perpendicular to the foliation and parallel to the stretching lineation. To identify opaque and accessory minerals, Raman spectroscopy was performed using a Renishaw inVia spectrometer combined with a confocal optical microscope using a 532-nm-wavelength (green) laser.
Results

Mineralogy and petrography
The Aar granite and Grimsel granodiorite are mainly composed of Choukroune and Gapais (1983) and Marquer (1987) ). Sites 1 and 3 are shear zones in the Grimsel granodiorite, and Site 2 is a shear zone in the Aar granite. Lithology 1 represents weakly deformed protolith areas; lithology 2 represents shear zones.
quartz (30-20%), oligoclase (40-50%), K-feldspar (20-15%) and biotite-I (10-15%) (Steck, 1966) . The mineralogical assemblage associated with deformation in the orthogneiss is metamorphic albite, biotite-II, phengite and epidote. In the mylonites, large fluid-related mass-transfers destabilized feldspars to produce a phengite-albite-biotite-II-chloritequartz mineral assemblage (Marquer et al., 1985; Marquer, 1987; Goncalves et al., 2012 ; Fig. 2A ). Grain size decreased from an average of 1 mm in the weakly deformed granodiorite to about 30 lm in the mylonite (Marquer, 1987; Fig. 2B) . The mineralogical and microstructural evolution from protolith to mylonite is described below. The granitic protoliths contain indications of earlier stages of alteration and/or weak metamorphism. Plagioclase is consistently sericitized, and quartz frequently exhibits undulose extinction with occasional subgrains.
Secondary biotite and magmatic epidote (allanite) are sporadically present. In orthogneisses, white mica (phengite) occurs as numerous inclusions in feldspar, and metamorphic epidote and titanite are present. Some biotite-I is still present ( Fig. 2A ). Plagioclase and K-feldspar exhibit brittle deformation features and are occasionally boudinaged. Abundant fine-grained bands of mica and quartz define a moderately strong schistosity. Mylonites show a strong schistosity primarily defined by white mica and biotite-II, with small bands of opaque and high-relief minerals. Abundant fine-grained albite and quartz are extensively recrystallized into fine-grained ribbons. K-feldspar is totally replaced by white mica and quartz.
Concerning accessory minerals, hysteresis loops measured on selected subsamples are essentially linear in character (Fig. 3A) , indicating the absence of ferrimagnetic phases. Bulk susceptibility (k mean ) can be used as a rough proxy for Fe-content in paramagnetic granitoids (Bouchez et al., 1990) . k mean values are in the range 50-500 9 10 À6 [SI], consistent with the absence of ferrimagnetic phases and comparable to those of many phyllosilicate-dominated granitoids (e.g. Gleizes et al., 1993) . There is significant k mean variability within and between sites (Fig. 3B , Table 2 ), and occasionally within cores, indicating some degree of heterogeneity in the abundance of Fe-bearing phases. In Raman spectra from all samples, opaque and accessory phases largely correspond to rutile with some titanite, with ilmenite additionally identified only in Site 1 samples (Fig. 3C ). Small amounts of ilmenite may account for the overall higher k mean values at Site 1 (Table 2) , as was determined for gneissic mylonites by Siegesmund et al. (1995) . From these analyses, we conclude that biotite is likely the dominant AMS-carrier in all samples, while synkinematically produced phengite (Fe-Mg-bearing white mica, see Challandes et al., Magnetic fabric evolution in shear zones • J. Till et al.
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Finite strain estimates and field structures
Following the strain pattern analysis of Gapais et al. (1987) (see their figure 10), the sampled vertical shear zones at Sites 2 and 3 have directions close to the main regional N70 schistosity, with vertical mineral stretching lineations in the mylonite zones (Fig. 4) . At Site 1, the direction of the vertical shear zone is N80-90 with a dextral shearing component in the mylonites associated with local horizontal mineral stretching lineations (grey dots in Fig. 4B ).
The shapes of the strain ellipsoids calculated from strain markers in the Grimsel granodiorite are generally oblate, with T* around 0.1-0.7. The finite strain ratios (k 1 /k 3 ) reach as high as 80 (Table 1) , while the P* values of strain intensity, which account for the triaxial nature of the strain ellipsoid, are extremely large in the mylonites, reaching over 160 (Fig. 5A) .
AMS results
Magnetic fabric shapes are predominantly oblate with significantly higher fabric intensities in mylonites than in protolith or orthogneisses. The AMS fabric shapes from Site 1 closely follow those of the strain ellipsoids (compare Fig. 5A and B) . AMS intensities are highest at Site 1, the southernmost site, consistent with the previously observed pattern of southwardly increasing regional deformation intensity in the Aar Valley (Choukroune and Gapais 1983) .
Protolith AMS is moderately strong, with Pʹ ranging from 1.038 to 1.126 (Table 2 ). In contrast, AMS intensities for biotite-dominated magmatic fabrics in granite typically reach only 1.05 (e.g. Bouillin et al., 1993) . Magnetic fabrics in samples identified as orthogneiss are not significantly stronger than in protolith samples. The orthogneiss Pʹ range of 1.051-1.182 overlaps considerably with that of protolith samples, and the mean orthogneiss AMS intensity at Site 2 is actually lower than that of the protolith (Fig. 5B, inset) . As expected, mylonitic samples have the strongest magnetic fabrics, with Pʹ Table 1 Strain data measured on mafic enclaves in the Grimsel granodiorite, orthogneisses and mylonites (Marquer, 1987 (Marquer, , 1989 . The finite strain parameters are defined in the text. (Fig. 3B) , indicating little compositional influence on AMS.
Pʹ profiles across the three site transects (Fig. 6A) demonstrate that, while mylonite samples exhibit clearly elevated fabric intensities, the degree of anisotropy does not vary as a simple function of proximity to mylonite centres. The variation in fabric shape represented by T values is even more pronounced. In contrast, values of finite strain increase progressively from the protolith to the mylonites (Fig. 6B) . All sites exhibit weak Pʹ minima and strong local decreases in T in orthogneisses adjacent to the mylonitic zones. Potential origins of this pattern are proposed in the Discussion.
k min axes (poles to magnetic foliation) for all sites are nearly horizontal and strongly clustered around the NNW-SSE axis, delineating a consistently subvertical magnetic foliation plane striking ENE-WSW (Fig. 7) . k max axes (magnetic lineations) are subvertical in all samples except for mylonites at Site 1, where k max lies along the horizontal axis in the foliation plane, with k int parallel to the vertical axis, consistent with the horizontal stretching lineations observed in outcrops. The AMS ellipsoid orientations for all sites and facies plotted together in Fig. 8 in comparison with measured field structure orientations show remarkably good agreement between the magnetic fabric directions and the principal strain directions.
Discussion
Although macroscopic fabrics in the protolith are weak (Fig. 2B) The horizontal outcrop stretching lineations and k 1 magnetic anisotropy axes oriented N80-90, indicating local dextral movement, in mylonites at Site 1 belong to the conjugate structures in the Aar Massif identified by Choukroune and Gapais (1987) , which accommodate local intermediate extension along the horizontal bulk k 2 strain axis. Minor horizontal extension in addition to major subvertical extension is consistent with the dominantly co-axial nature of Alpine bulk shortening deformation and oblate finite strain.
Although Alpine deformation in the Aar Massif was accompanied by significant synkinematic mass-transfer and fluid interaction, Goncalves et al. (2012) report only small decreases in Fe in strongly deformed rocks and constant relative proportions of biotite during metamorphism. Variations in AMS properties are thus not affected by the growth or breakdown of Fe-oxides and should reflect the behaviour of phyllosilicate minerals during deformation and metamorphism. Several studies have found discrepancies between phyllosilicate-carried AMS fabrics and phyllosilicate crystallographic textures. Oliva-Urcia et al. (2012) determined that AMS represents composite fabrics created by the spatial distribution of particles, rather than the orientations of individual grains. High Pʹ values in our samples may therefore reflect the highly anisotropic spatial distribution of mica in the mylonites as they develop into banded polycrystalline arrangements.
Similarly, Siegesmund et al. (1995) reported that, while the measured AMS orientations matched well with those modelled from mica textures, discrepancies arose between the T and Pʹ parameters due to girdling of mica around silicate porphyroclasts. Aggregates of phyllosilicates may thus produce magnetic fabrics that differ from those of individual grains. Such mechanisms may be the source of magnetic lineations in the Aar Massif samples, as has been demonstrated for the subparallel alignment of biotite crystals along zone axes (Kruckenberg et al., 2010) . O'Brien et al. (1987) determined that progressive deformation in mylonite zones produces a 'steady state' foliation fabric in phyllosilicates, resulting in AMS saturating at Pʹ values around 1.2 (Siegesmund et al., 1995) . These Pʹ values occur only in Aar Massif mylonites, therefore it is possible that relative strain within the mylonite zones is not represented by AMS fabrics.
The local decreases in Pʹ and T in orthogneisses relative to the mylonites and protolith (Fig. 5) probably reflect the growth of large quantities of white mica during syn-deformational metamorphism (Goncalves et al., 2012) . Although white micas have lower susceptibilities than biotite, Martıń-Hern andez and Hirt (2003) reported similar crystalline anisotropies for muscovite, suggesting that the Fe-bearing phengite in deformed Aar rocks may contribute to the AMS. In the orthogneisses, neoformation of white mica occurs as inclusions in and around altered feldspar grains, which initially behave as rigid porphyroclasts. Thus, the growth of randomly oriented white mica inclusions in the orthogneisses should weaken the AMS intensity and produce lessoblate fabric shapes. Complete breakdown and recrystallization of feldspar in the mylonites results in the rearrangement of mica into elongated bands, reflected by high AMS intensities.
Conclusions
Magnetic fabric analysis was performed in synkinematically metamorphosed ductile Alpine shear zones in the Aar Massif. Excellent agreement exists between finite strain and magnetic anisotropy principal axis orientations. The magnitudes and shapes of magnetic fabrics exhibit local variations independent of strain, which likely reflect new growth of phyllosilicates during fluid-present deformation. Subvertical magnetic lineations corresponding to the observed vertical stretching lineation and subhorizontal minimum magnetic and finite strain axes parallel the Tertiary Alpine compression oriented NNW-SSE in this part of the Aar Massif. λ 1 λ 2 p la n e Fig. 8 Comparison of AMS and strain principal axes. Top: maximum (k 1 and k 1 ; black squares) and minimum (k 3 and k 3 ; open circles) axes of AMS (left) and strain (right) tensors; mean magnetic (k 1 k 2 ) and macroscopic (k 1 k 2 ) foliation planes together with their poles (k 3 , k 3 ) and their 95% confidence areas. Bottom: Density plots of these distributions in the lower hemisphere; contours are given as the percentage of data in 1% of the hemisphere surface.
